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ABSTRACT 

A total of twelve reed gages were instelled to loeeievre displace- 

ment shock spectre resulting from tlie Project Gnom*' underground 

nucleer explosion. Seven of the gages were installed on the ground 

surface at four loc .ions out to e -! • ctcuiCe of 3O0C feet from surface 

zero. All of these gages yielded usable records. Four of the gages 

were installed in the floor of the Gnam  tunnel at two locations. 

Those at the 1033-foot range gave valid records; those at the 900- 

foot range were no4:  recovered after the t?st. The one gage located 

underground at the International Minerals and ChemiceJL Corporation 

(IMCC) mine, some nine miles distant, did not record any motion. 

The plotted displacement spectra showed the expected results in that 

displacements and peak accelerations decreased with increasing slant 

range for the surface gages. The vertical spectra were higher then 

the corresponding horizontal radial spectra for the surface gages. 

For the gages in the Gnome tunnel, the horizontal radial spectrum 

w&s higher than the vertical spectrum. 
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CHAPTEK 1 

INTRODUCTION 

■ ::■: 

r ~ 

1.1 OB-JECTTVE 

The objective of this project WPS to mencure the dlsplncement 

spectrfi of the ground shock crused by the Project Gnome three» - 

kiloton (TNT equivalent) underground nuclear exploBion. The spectrn 

were to be mersured nt e number of surfrce end underground loc^tionr. 

close to the explosion end at one underground location in the IMGC 

mine some nine miles awry. 

The objective of Project Gnome relative to ground shock vr.z to 

expend the dptP on the charrcteristics of underground explosions to 

e new medium, rock salt (halite}, which has marked differences from 

the tuff and nlluvium in which previous underground explosion tests 

h-'d been conducted. Gnome wss the first nuclepir explosion in the 

Plowstwe ProgrPin which is devoted to research ond development in 

peaceful epplicctions of nuclear explosions. 

1.2 BACKGROUND 

The response shock spectra were first measured by TRW Space 

Technology Laborctories  (SIL) during Operation Plumbbcb rt the 

Nev."äp Test Site in 1957 (Reference 1).   In these tests shock spectra 

resulting from sir blast wore measured on the surfsec of the ground. 

Similar measurements were made during Operation Hardtack at the 

Enlwetok Proving Ground In 1958 (Reference 2).   Meaauremfents of surface 

- 
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shock spectra from surface high-explosive tests were obt&ined during 

i960 end 1961 tests Pt the Suffield Experiments Station, Ralston, 

Alberte, Canain (References 3 and 4). 

Spectre, from underground nuclear explosions were measured at 

the Nevada Test Site during Operation HnrdtJck-Phese II in 'i0%  and 

during Operations Nougat, Sun Beam, Project Shoal, and other 

recent field teöts (References 5 through 9). 

Ttic  ava «able shock spectrum data fre n Project Gnome were 

published in a preliminary report, in June 1962 (Reference 10). At that 

tiime two gages had not been recovered from the Gnome access tunnel 

because of radioactivity. Recently, it was determined that these 

gages would not be recovered. Thus this finri report contains only 

the date previously published. 

10 



CHAPTER 2 

EfSTRUMENTATION 

The instrumentation u&ed to mske  the ground shock spectrum 

measurements for Project Gnome consisted of twelve reed gages. This 

chapter provides background information on gage construction, theory, 

and field installation. 

2.1 DESCRIPTION OF REED GAGES 

The STL reed gages consist of a number of masses on cantilever 

springs or reeds mounted on a rigid "base. The mrsses and spring 

constants of the reeds are so designed that their n^turel frequencies 

cover the range between 2 and 300 cycles per second (ops). The 

gage configurption, which was used for Project Gnome, has ten nominal 

reed frequencies of 3, 10, 20, )+0, 30, 120, l60, 200, 250, and 300 

cps. Figure 2.1 shows the 3, 20, and kO  cps reeds. Figure 2.2 

shows the other side of the gage with the remaining reeds. 

The masses, which move in one plane, have scribers in contact 

with a polished metal record plate. A thin layer of lamp black is 

deposited on the record plate prior to preshot inctelleticn by 

smoking it with a candle. When the gage base is subjected to ground 

shock, the reeds vihrete and the scribers record their maximum dis- 

placements on the  record plate. After recovery of the record plates 

following the test, the displacements are measured. These measure- 

aents are converted to mass displacements by use of calibration 

factors which take into account each things as the location of the 

11 
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scriber with respect to the center of the mass, the fact that the 

raass is distributed ratuer than a point mass, and slight variations 

in reeds dac to manufacturing tolerances. This.then, provides the 

frequency-displacement dflta used for tte  shock spectrum measurements 

-: 2.2 GAGE THEORY 

The operation of the reed gages described in the previous 

section is based on theory which states that the response of a 

structure or piece of equipment to a given ground shock can be de- 

termined from the measured response of a reed having the same 

frequency end damping as the structure to the same ground shock. 

In effect, the reed Is a rüüdel of the structure. Since in practice 

we may be interested in more than one frequency, the gages consist 

of a number of reeds covering a range of frequencies. 

If a linear multi-degree-of-freedom structure attached to the 

ground is subjected to ground shock, the displacement of any point 

on the ^truc+ure relative to tne ground can be expressed as a sum 

of principal mode responses in a specific direction 

u(t, x, y, z) = ) q(t)^(x, y, z) (2.1) 

where 

u(t, x, y, z) = displacement of any point on the 
structure in a specific direction 

q(t) = generalized coordinate 

^(x, y, z ) = free vibration mode shape in the 
specified direction 

12 



An upper limit of response can be obtained by assuming that all modes 

reach their peak values at the same time 

U^ Ikax^ (2.2) 

For an acceleration input, it can be shown that for each mode 

q + Sßoii + co q = -7a(t) (2.3) 

where 

q = generalized displacement relative to ground 

q, *q = derivatives with r»spect to time 

CD = circular frequency of mole 

ß = ratio of damping to critical viscous damping 

r r   2 
y = kinematic factor -  /p^ dv/  / p^ dv 

<J d 

p = mass distribution per unit volume 

a(t) = acceleration of ground as function of time 

For small damping the solution of Equation 2.3 is 

/   \   max 
W^ 8^ t > o l^ *{x)  e"9^-^ sin co (t - T) dr 

(2..) 

For an ideali «d single degree-of-freedom system such as a 

point mass on a weightless cantilever spring the equation of motion J.S 

Q + 2ßa)Q-r ctpQ = -a(t) (2.5) 

The reed gages with appropriate g^ge factors which account for stylus 

positions and distributed rather than point masses record the peak 

displacements as solutions of Equation 2.5. The plot of the peak 

13 



displacements of the reed masses relrtive to the basr of the g^ge 

which is beinc occelereted versus the frequencies of the a-isses is 

called the displacement shock spectrum.    It is defined es 

D = Q max 
mex ~ t > 0 lft P(T) e"^1-^ sinoKt -r) dx (2.6) 

With the displacement spectrum,  D,  determined from the reed ga^e 

measurement the modal response of c structure having the same 

damping PS the gage is given by 

max      ' (3.7) 

From Equations 2.2 and 2.J,   the upper limit of response is given by 

u =  2J rDjiJ (2*c) 

The pseudo-velocity shock spectrum is defined m 

V = coT) {2,9) 

This spectrum has the dimensions of velocity, but it. does not 

represent the peek velocity of the mrsG relative to the base.    It 

is useful, however,   in the deteminetion of an upper bound of strsin 

energy in the structure. 

The acceleration shock spectrum is defined rs 

A a ouT) = ccV (2.10) 
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and cnn be shown to be the pefk absolute rccelerßtion of the mses 

for smpli vrlues of domping, thet is 

A = max 0 + E (2.11) 

Equntions 2.9 end 2.10 show thvt  the three shock spectra are relnted 

quite simply by .he frequency. These three spectrr can be con- 

veniently shown on r  single plot such os thnt in Figures 3,1 through 

3.5« For the scales shown therein the relationships between dis- 

placement, velocity, and acceleration shock spectr.' are 

Ag = 2JtfV = IwtVü (2.12) 

where 

A = acceleration in g's 

p 
g = acceleration of gravity in inches/second 

V = velocity in inches/second 

D = displacement in inches 

f = frequency in cps 

It should be noted that the plotted response spectra are some- 

•bat different than the ground motions themselves since they represent 

the response to the ground motion rather than the ground motion Itself. 

- 

2.3 FIELD INSTALLATION 

The twelve reed gages used for Project Gnome were located at 

seven gage stations. Foux- of the gage stations were on the surface 
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to the north of the surface zero point, two of the stations were in 

the Gnoiae tunnel, and one station was located underground In the 

IMCC mine. Figure 2.,3 shows the location of the surface and the 

Gnome tunnel gage stations. The  IMCC gage station was some nine 

miles to the north of the Gnome site. 

The surface gage stations consisted of a concrete pad to which 

the protective canisters were hoited as shown in Figure 2»k.    The 

reed gages were then bolted to the hase of the canister. Figure 2,5 

shows a gage secured in a canister in a horizontal position; Figure 

2,6 shows a gage oriented vertically in a canister- Three of the 

surface gage stations, those at 75, 1000, end 2000 feet horizontal 

ranges, had both vertical and horizontal radial gages. The fourth 

gage station, that at 3000 feet horizontal range, hed only a vertical 

gag«. 

The  two gage stations in the Gnome tunnel were 900 feet end 

1033 feet^respectively, from the Gnome explosion. These gages were 

also in protective canisters which were grouted in holes cut in the 

halite of the tunnel f'.oor. At each of these gage stations both a 

vertical and a horizontsl radial gage were installed. 

The gege at the IMCC mine was oriented to measure horizontal 

radial motion. The canister was bolted to a concrete slab under- 

ground in the mine. 

Table 2,1 lists pertinent location data for the gnge stations. 

16 





Figure 2.1   Reed gage showing 3,  40,  and 20 cps reeds.    (STL photo) 

Figure 2.2   Rt'ed gage showing 10,   120,  300,   200, 
160, 250, and 80 cps reeds.    (STL photo) 
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Figure 2,4   Surface gage station 75 feet from surface zero.    (STL photoi 
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Figure 2.d   Gage installed horizontally in canister.    (STL photo) 

Figure 2,6   Gage installed vertically in canister.    (STL photo 
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CHAPTER 3 

RESULTS AND DISCUSSION 

f- 

3.1 DATA RECOVERY 

Ten of the twelve gages were recovered rrfter the shot. The two 

not recovered were those located at Station I.7-6 at the 900-foot 

range in the floor of the Gnome tunnel. 

The one gage which was installed underground at the DCC mine 

was too distant to record any motion. The remaining nine gages all 

yielded usable records. Of the ninety possible data points from 

the nine gages a total of twelve points were lost because the reed 

failed, the trace was obscured, the trace was off the record plate, 

or the scribe missed the record plate. Six additional reed de- 

flections were too small to be read. Seventy-two measurable 

deflection records were recovered. The frequency-displacement data 

which resulted from the reed gage records are presented in Table 3.1. 

3.2 SHOCK SPECTRA 

Shock spectra curves plotted from the frequency-displacement 

data are shown in Figures 3.1 through 3*5• At the three surface 

stations where there were both vertical and horizontal radial gages 

the vertical shock was the greater as shown in Figures 3.1, 3.2, 

and 3.3. As expected the spectra become higher for both vertical 

and horizontal shock as the range to the cage decreases. This range 

dependence is shown more clearly in Figure 3,6. This figure indicates 

that, in general, for the higher frequencies the lisplecements 
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attenuate more  r«pidly with Increasing range than for the lower 

frequencies. This frequency effect is more apparent for the vertical 

response than for the horizontal radial response. The figure also 

shows that the rate of attenuation with range for the vertical 

response is greater than for the horizontal radial response. 

Section 2.2 described the theory of the reed gage and pointed 

out that the ehsolute acceleration of the mass could be determined 

from the shock spectra plots. The peak accelerations from Figures 

3.1 through 3.I4. have been plotted in Figure 3.7 to show the attenu- 

ation with range. The only trend apparent from the limited data is 

the decreased rate of attenuation with increased range. 

Since data are available from only one gage station in the 

Gnome tunnel, no analysis of range effects could be made for the 

underground gages. As might be expected, the spectrum for the 

horizontal radial shock in Figure 3.5 is higher than that for the 

vertical shock. Comparisons with the surface gage spectra would 

not be valid because the effects of the different geologic media be- 

tween shot and gage locations and the effects of the ground surface 

are not clearly defined. 

v: 

i 
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CHAFFER k 

It is concluded that the proj&c^ was successful in measuring 

the displacement ground shock spectra. Valid records were obtained 

from all recovered gpges with the exception of the one in the IMCC 

mine which was too distant to record any motion. The date show the 

expected results, namely, the effects,were reduced at greater range: 

end the higher frequency response attenuated somewhat more rapidly 

than the lower frequency response. 
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